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Ti60Abstract Ti60 (Ti–5.6Al–4.8Sn–2Zr–1Mo–0.35Si–0.7Nd) is a high-temperature titanium alloy that
is now used for important components of aircraft engines. Electrochemical machining (ECM) is a
promising technique that has several advantages, such as a high machining rate, and can be used
on a wide range of difficult-to-process materials. In this paper, orthogonal experiments are conducted
to investigate ECM of Ti60, with the aim of determining the influences of some electrochemical pro-
cess parameters on the surface roughness. Themost important parameter is found to be the frequency
of the pulsed power supply. It is found that using suitably optimized parameters for ECM can greatly
decrease the surface roughness of a workpiece. A surface roughness of approximately 0.912 lmcan be
obtained with the following optimal parameters: NaCl electrolyte concentration 13wt%, voltage
20 V, pulse frequency 0.4 kHz, duty cycle 0.3, temperature 23 C, and anode feed rate 0.5 mm/min.
Furthermore, blisk blades have been successfully processed using these optimized parameters.
 2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Electrochemical machining (ECM) is a nontraditional machin-
ing process that is used to machine extremely hard materials
that are difficult to cut with conventional machining meth-
ods.1,2 ECM generates no burr and no stress, and provides a
long tool life, with a damage-free machined surface, a high
material removal rate, and good surface quality.3–5 TheECM process was originally developed for manufacturing
complex-shaped components in the defense and aerospace
industries, and has been extended to many other industries
such as manufacturing of automotive and surgical compo-
nents, forging of dies, and, more recently, miniature manufac-
turing.6,7 ECM of new composite materials has recently been
investigated.8–10
In ECM of titanium alloy, defects such as pitting and poor
surface roughness often appear. In addition, a passivation film
is easily produced during ECM,11–15 leading to a high decompo-
sition voltage. Furthermore, the electrolytic products from
ECM mostly form an insoluble floc, which easily adheres to
the surface of the anode, resulting in differences in dissolution
behavior between the substrate and anode surfaces. Therefore,
it is difficult to obtain good surface quality in ECM of titanium
alloy. Clifton et al. investigated the surface characteristics and
integrity of c-TiAl subjected to ECM using perchlorate and
Experimental research on electrochemical machining of titanium alloy Ti60 for a blisk 275chloride electrolytes. Large areas of grain boundaries appeared
on the surface, which were generally of high integrity with no
evidence of structural defects.16 Dhobe Shirish et al. conducted
experiments on ECM of commercially pure titanium using a
sodium bromide electrolyte (20 g/L) at a tool feed rate of
0.1 mm/min. The roughness of the oxide-layered machined sur-
face was in the range of 2.4–2.93 lm, suitable for use in titanium
implants without the need for further surface preparation.17 Qu
et al. reported the use ofwireECMwith axial electrolyte flushing
to machine titanium alloy (TC1). The machining parameters
were optimized by Taguchi experiments using sodium chloride
and sodium nitrate electrolytes.18 Zaytsev et al. proposed opti-
mal conditions for ECM of Ti–6Al–4V titanium alloy with a
microsecond pulsed current, under which there appeared to be
neither surface-layer hydrogen nor pitting.19 Klocke et al. found
slightly more rapid dissolution of the a-phase in a detailed cross
section, with a higher magnification showing a slight waviness –
but without any rim zone – of the surface for Ti–6Al–4V.20
It is clear from the above results that different processing
parameters are often applied to different titanium alloys. There
have been very few studies of ECM of the new titanium alloy
Ti60 (Ti–5.6Al–4.8Sn–2Zr–1Mo–0.35Si–0.7Nd), which is of
particular interest for aerospace applications. Therefore, this
study investigates the effects of electrolyte concentration,
applied voltage, pulse frequency, duty cycle, electrolyte tem-
perature, and feed rate on surface roughness, and optimizes
the process parameters. Finally, blisk blades with good surface
finish are fabricated.
2. Experimental procedure
In order to obtain good surface finish, an ECM system and a
machining fixture are required. In addition, the appropriate
levels and factors of the orthogonal experiment are very
important.
2.1. ECM system
The ECM system is very complex. To guarantee the reliability
of each test, the stability of the machining process parameters,
such as electrolyte temperature, electrolyte flow rate, concen-
tration, and spindle motion accuracy, must be ensured.
Therefore, in this system, the temperature deviation of the
clean electrolyte is controlled within ±0.5 C using a heat
exchanger. In ECM, the flow rate of the clean electrolyte is
controlled by a programmable logic controller. The large
amount of electrolytic products from ECM are stored in a sec-
ond electrolyte tank. To ensure a clean inflow of electrolyte,
the electrolyte in this tank is filtered into the clean electrolyte
tank through a frame filter every few minutes. If the volume
of the electrolytic products is significant after a few months,
the frame filter press will be run, in order to compress the elec-
trolytic products into pieces. The pulsed power supply and the
movement of the spindle are controlled by an independent sys-
tem. The ECM device used in these studies is shown in Fig. 1.
2.2. Machining fixture
During ECM, a workpiece moves toward the cathode, which is
stationary. The cathode and the connecting rod for the anode
are made out of stainless steel. A schematic of the machiningfixture is shown in Fig. 2. The workpiece is Ti60 with heat
treatment of 1050 C/2 h air cooled followed by 700 C/2 h
air cooled. The workpiece is cylindrical with a diameter of
20 mm. Before the ECM test, to remove the oxide film on
the surface of the workpiece, its end surface is polished. The
workpiece is shown in Fig. 3.
The machined surface roughness is measured using a sur-
face roughness tester with an accuracy of 0.01 lm and a reso-
lution of 0.001 lm (Perthometer Mahr1, Germany). The main
components on the surface after ECM are detected using a
scanning electron microscope (SEM, Hitachi S3400N, Japan).
2.3. Orthogonal experiment design
In ECM, an oxide film is easily produced on the surface of the
titanium alloy.18 As the thickness of the oxide film increases,
the surface roughness becomes worse. However, the oxide film
thickness can be reduced by using a halide electrolyte, which
has a high activation ability. The ranking of activation ability
for some commonly used ions is: Br>Cl> I>ClO3

>NO3
> SO4
2. At the same time, the equipment corrodes
easily with NaBr or KBr electrolyte. Therefore, NaCl is the
most suitable electrolyte. In these experiments, a concentration
in the range of 4wt%–16wt% is applied for NaCl electrolyte.
Because a high electrode potential is used in ECM of tita-
nium alloy, the process parameters are relatively large. A volt-
age range of 20–40 V and a temperature range of 23–55 C are
used in the experiments. In addition, the pulsed power supply
enables timely removal of the product during the intermittent
machining time in ECM. Therefore, a pulsed power supply is
necessary, and it must have sufficient time to remove the floc
product. The frequency and duty cycle of the pulsed power
supply are 0.2–1.0 kHz and 0.2–0.6, respectively. Feed rates
in the range of 0.2–0.6 mm/min are used after trial-and-error
determination.
In this study, an appropriate L25(5
6) orthogonal array is
applied. The six machining parameters and five levels are
shown in Table 1. Twenty-five experiments are performed.
3. Presentation of results
The experimental parameters and results are shown in Table 2.
Additionally, each experimental result is tested twice to
increase the reliability of the tests.
The range analysis in Table 3 shows that the preferred
scheme is A2B1C2D2E1F4, and a verification test is conducted.
The specific parameters and the experimental results are shown
in Table 4. Fig. 4 shows the influences of machining parame-
ters on surface roughness. The impact of each factor on the
surface roughness will be described in the following
subsections.
3.1. Effect of electrolyte concentration on surface roughness
As shown in Fig. 4(a), the surface roughness improves
(i.e., decreases) as the concentration increases in the range of
4wt%–13wt%. This is because the higher the electrolyte con-
centration is, the stronger the activation is. Then, the oxide
film will have very little effect on ECM as the concentration
increases. The dissolution of the elements in the alloy will be
uniform, and the surface roughness is better. However, when
Fig. 1 ECM system for titanium alloy.
Fig. 2 Machining fixture.
276 X. Chen et al.the concentration is more than 13wt%, the value of the rough-
ness hardly changes. The activation ability of the electrolyte is
good enough when the concentration is more than 13wt%, and
the surface roughness does not significantly improve there-
after. As the concentration of the electrolyte increasing further,
the conductivity of the electrolyte improves, leading to more
electrolytic products and increasing of the machining gap.
The relatively larger machining gap results in lower flow veloc-
ity. Then, the electrolytic product on the anode surface is dif-
ficult to remove, causing unevenly dissolution of the surface.Fig. 3 Experimental workpiece.Therefore, the surface roughness will not be further improved
when the concentration is over 13wt%.
3.2. Effect of frequency on surface roughness
As shown in Fig. 4(b), when the frequency is less than 0.4 kHz,
the surface has a poor roughness. For frequencies above
0.4 kHz, the surface roughness is approximately 1.2 lm.
The main advantage of the pulsed power supply is intermit-
tent corrosion during ECM. In ECM of titanium alloy, the
electrolytic product is mostly insoluble hydroxide. If the fre-
quency of the pulsed supply is too low, there is insufficient time
for removal of the product, which therefore accumulates in the
processing area, resulting in poor roughness. When the fre-
quency exceeds 0.4 kHz, the effect of the pulsed ECM is fully
embodied. When the power frequency is increased, the power
cycle becomes shorter, and the time of a single pulse is shorter,
leading to less electrolytic product at each power cycle which is
washed away more easily at the pulse interval. Then, the
machining process will be more stable and the surface will have
a better surface roughness. When the power frequency is more
than 0.4 kHz, although the pulse interval for removing of the
product is shorter, the quantity of the electrolytic product gen-
erated at each power cycle is also smaller. Then the product of
electrochemical machining, such as hydroxide precipitate,
heat, and gas bubble, can be excluded from the machining
gap sufficiently and the electrolyte conductivity can be kept
uniform. Thus, the machining surface roughness is still good.
3.3. Effect of duty cycle on surface roughness
In addition to frequency, the duty cycle is also a main param-
eter of the pulsed power supply. At a duty cycle of 0.3, the sur-
face has its best surface roughness, as demonstrated in Fig. 4
(c). Under the condition of a low duty cycle (in the range of
0.3–0.4), the processing time is relatively short in each power
supply period, so there is enough time for removal of the elec-
trolytic product. Electrochemical dissolution during processing
is much easier, and the surface roughness is improved.
However, if the duty cycle is extremely low (0.2), the average
Table 1 Experimental machining parameters.
Number Electrolyte concentration (wt%) Voltage (V) Frequency (kHz) Duty cycle Temperature (C) Feed rate (mm/min)
1 16 20 0.2 0.2 23 0.2
2 13 25 0.4 0.3 31 0.3
3 10 30 0.6 0.4 39 0.4
4 7 35 0.8 0.5 47 0.5
5 4 40 1 0.6 55 0.6
Table 2 L25(5
6) orthogonal array layout and test results.
Number Electrolyte concentration
(A)
Voltage
(B)
Frequency
(C)
Duty cycle
(D)
Temperature
(E)
Feed rate
(F)
Surface roughness
(lm)
1 1 1 1 1 1 1 1.33
2 1 2 2 2 2 2 1.216
3 1 3 3 3 3 3 1.207
4 1 4 4 4 4 4 1.234
5 1 5 5 5 5 5 1.262
6 2 1 2 3 4 5 1.146
7 2 2 3 4 5 1 1.349
8 2 3 4 5 1 2 1.15
9 2 4 5 1 2 3 1.078
10 2 5 1 2 3 4 1.268
11 3 1 3 5 2 4 1.146
12 3 2 4 1 3 5 1.175
13 3 3 5 2 4 1 1.315
14 3 4 1 3 5 2 2.118
15 3 5 2 4 1 3 1.126
16 4 1 4 2 5 3 1.352
17 4 2 5 3 1 4 0.923
18 4 3 1 4 2 5 1.997
19 4 4 2 5 3 1 1.291
20 4 5 3 1 4 2 1.291
21 5 1 5 4 3 2 1.177
22 5 2 1 5 4 3 2.297
23 5 3 2 1 5 4 1.707
24 5 4 3 2 1 5 0.978
25 5 5 4 3 2 1 1.241
Table 3 Experimental results and analysis.
Parameters A B C D E F
K1 6.249 6.151 9.01 6.581 5.507 6.526
K2 5.991 6.96 5.405 6.129 6.678 6.952
K3 6.88 7.376 5.971 6.635 6.182 7.06
K4 6.854 6.699 6.152 6.883 6.693 6.278
K5 7.4 6.188 5.755 7.146 7.788 6.558
k1 1.2498 1.2302 1.802 1.3162 1.1014 1.3052
k2 1.1982 1.392 1.081 1.2258 1.3356 1.3904
k3 1.376 1.4752 1.1942 1.327 1.2364 1.412
k4 1.3708 1.3398 1.2304 1.3766 1.3386 1.2556
k5 1.48 1.2376 1.151 1.4292 1.5576 1.3116
Range 0.2818 0.245 0.721 0.2034 0.4562 0.1564
Importance
order
C>E>A>B>D>F
Optimal
combination
level
A2B1C2D2E1F4
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small while the other processing parameters remain the same.
The ECM products will pile up in the machining gap and
can hardly be taken away. Therefore, a duty cycle of 0.3 is
the best choice.
3.4. Effect of temperature on surface roughness
As shown in Fig. 4(d), the surface roughness becomes poorer
with increasing temperature. In addition, when the electrolyte
temperature is higher than 50 C, the quality of the surface
deteriorates.
As already mentioned, in ECM of titanium alloy, the elec-
trolytic products are mostly insoluble hydroxides and hydrated
oxide, and the higher the temperature is, the stronger the oxi-
dation reaction is. With a sodium chloride electrolyte, the
products are mostly Ti(OH)3, Ti(OH)4, Ti
3+, and Ti4+. How-
ever, when the temperature is too high, some of the trivalent
titanium ions (Ti3+) in the anode continue to react to give
tetravalent ions (Ti4+), as shown in the following equation:
Table 4 Preferable scheme according to Table 3.
Electrolyte concentration (A) Voltage (B) Frequency (C) Duty cycle (D) Temperature (E) Feed rate (F) Surface roughness (lm)
13wt% 20 V 0.4 kHz 0.3 23 C 0.5 mm/min 0.912
278 X. Chen et al.Fig. 4 Influences of machining parameters on surface roughness.Ti3þ ! Ti4þ þ e ð1Þ
Another part of Ti3+ forms insoluble hydroxide, such as in
the following equation:
Ti3þ þ 3OH ! TiðOHÞ3 ð2Þ
Ti(OH)3 is oxidized by oxygen into H2TiO3, as shown in the
following equation:
2TiðOHÞ3 þ 1=2O2 ! 2H2TiO3 þH2O ð3Þ
Tetravalent Ti ions (Ti4+) form Ti(OH)4, as shown in the
following equation:
Ti4þ þ 4OH ! TiðOHÞ4 ð4Þ
Higher temperatures promote reactions (1)–(4). Ti(OH)3,
H2TiO3, and Ti(OH)4 are all insoluble in water and can easily
adhere to the surface. Therefore, the surface roughness deteri-
orates as the temperature increases in the range of 23–55 C.
Eqs. (1)–(4) can be represented in Fig. 5. The components on
the surface after ECM are determined using an SEM (Fig. 6
and Table 5), which are mainly titanium oxides. The peaksdue to Al, Sn, and Zr come from the composition of the sub-
strate, and the one due to Na represents residual sodium chlo-
ride solution.
3.5. Effect of voltage on surface roughness
As shown in Fig. 4(e), the surface roughness becomes worse
with increasing voltage in the range of 20–30 V. However,
the surface roughness is better when the voltage rises above
30 V.
As the electrolytic reaction becomes more intense with
increasing voltage, a large amount of electrolytic product will
be produced. At the same time, the velocity of the electrolyte
basically remains unchanged, the amount of the electrolytic
products removed by the electrolyte is relatively small, and
more products gather in the processing zone. As a result, the
electrical conductivity becomes uneven in the machining gap,
leading to the production of an oxide film and to uneven sur-
face dissolution. This is the reason for worse roughness with
increasing voltage between 20 and 30 V. However, as the
Fig. 5 Schematic of the formation of the oxide layer on the anode surface.
Table 5 Components on the surface of the machined Ti60.
Element Relative atomic mass Atomic composition (at%)
Ti 22 44.27
O 8 42.93
Al 13 4.37
Sn 50 6.65
Zr 40 0.52
Na 11 0.64
Fig. 7 Method for ECM of blades in a sector blank.
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trolytic activity is sufficient to overcome the increase in pro-
duct formation, thereby leading to a decrease in the
thickness of the oxide film. In addition, the dissolution of
the workpiece surface proceeds more uniformly. Therefore,
the surface roughness improves as the voltage increases in
the range of 30–40 V.
3.6. Effect of feed rate on surface roughness
Table 3 and Fig. 4(f) demonstrate that the influence of the feed
rate on the surface roughness is smaller than those of the
other parameters. As shown in Fig. 4(f), at a feed rate of
0.2–0.6 mm/min, the surface roughness is approximately
1.25–1.41 lm, and the surface has the best surface roughness
at a feed rate of 0.5 mm/min.
Because there are multitudinous electrochemical products
generated during the process which will influence the distribu-
tion of electrolyte conductivity, thus the electrolytic products
must be excluded timely and effectively. In order to exclude
the products easily, the machining gap needs to be generally
larger which can be obtained by a lower feed rate. As shown
in Fig. 4(f), when the feed rate is higher than 0.5 mm/min,
the surface roughness is poorer. The main reason is that theFig. 6 Workpiece after ECM anmachining gap becomes extremely smaller as the feed rate
increasing, the product is easily piled up, and the electrical con-
ductivity of the electrolyte in the processing zone is uneven,
leading to nonuniform dissolution of the surface elements
and poorer surface roughness. When the feed rate becomes
lower, as below 0.4 mm/min, the machining gap is too large,
resulting in an obvious decrease of current density. Then the
ability of the electrolyte activation on the surface is also
decreased and the dissolution of the surface is uneven, leading
the surface roughness worse. At a feed rate of 0.5 mm/min, the
surface has the best surface roughness. The reason is that the
electrolyte with an appropriate flow rate takes away the elec-
trolytic products timely. At this time, the machining gap is
wide enough, and the current density is also high.4. Manufacturing experiment
4.1. Experimental method
In ECM, a blisk is fixed to the rotary table at a certain angle.
Because of the narrowness of the channels between the blades,d its spectrum from a SEM.
Fig. 8 System image for blades ECM.
Fig. 9 Workblank for the blades ECM of a Ti60 blisk.
Table 6 Parameters for the blades of a Ti60 blisk.
Conditions Blades 1–6 Blades 7–9
Concentration of electrolyte 13wt% NaCl 16wt% NaCl
Pulse power voltage (V) 20 30
Pulse power frequency (kHz) 0.4 0.2
Pulse duty cycle 0.3 0.5
Temperature of electrolyte (C) 23 31
Anode feed rate (mm/min) 0.5 0.6
280 X. Chen et al.both a convex and a concave cathode are used. The sheet
cathodes are designed to feed into the channels between the
blades and machine the blades through the motions of the
cathode connecting rods. The main electrolyte in the processingFig. 10 Blades in a Ti60 blizone is provided through the method of lateral flow. The pro-
cessing method and the way of the flow field are shown in
Fig. 7. V is the feed speed of the cathodes.4.2. Machine tool and machined workpiece
Because of the novel nature of this machining procedure, a
precision machine tool with motion in six axes had to be spe-
cially developed, with an automatic motion control system
from Siemens PLC. The machine tool is shown in Fig. 8(a).
In order to ensure sufficient electrolyte of the processing area
and the right flow field, a reasonable fixture is necessary. This
fixture should not only have good strength, but also be not
conductive. Therefore, the material of the fixture is special
epoxy resin. The fixture for the blades of a Ti60 blisk in
ECM is shown in Fig. 8(b). Cathodes are made with the mate-
rial of stainless steel through computer simulation and the
principle of ECM, and are shown in Fig. 8(c). The workblank
is also obtained through ECM, as shown in Fig. 9. Meanwhile,
the primary allowance of a blade before surface machining is
about 3 mm.
ECM of a blade is more complicated than the machining of
a simple cylindrical workpiece described in Sections 2 and 3,sk produced using ECM.
Fig. 11 Surface roughness of Ti60 blades.
Table 7 Surface roughness of blades.
Concave Surface roughness
(lm)
Convex Surface roughness
(lm)
Blade 1 1.056 Blade 1 0.986
Blade 2 1.025 Blade 2 0.965
Blade 3 1.135 Blade 3 0.996
Blade 4 1.025 Blade 4 1.025
Blade 5 1.165 Blade 5 0.923
Blade 6 1.014 Blade 6 0.916
Blade 7 2.086 Blade 7 1.905
Blade 8 2.086 Blade 8 1.865
Blade 9 2.156 Blade 9 1.986
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gap.
Many verification tests have been conducted with the
parameters indicated in Table 6. Blades of a segment of the
Ti60 blisk have been successfully fabricated (see Fig. 10).
The average of the surface roughness in blades 1–6 is
1.019 lm, and the average of the surface roughness in blades
7–9 is 2.014 lm. Fig. 11 shows the roughness of the surface
with the tester of Perthometer Mahr1. The results indicate that
the optimized parameters are reasonable and the process is
stable. In addition, the main reason for the poor roughness
of blades 7–9 is the low frequency of power supply. As already
mentioned, if the frequency is relatively low, the excessive pro-
duct does not have enough time to be removed, and then gath-
ers in the processing area, resulting in poor roughness. The
roughness of blades 1–6 is a little worse than 0.912 lm (see
Table 4). One possible reason is the large processing area
and the complex flow field, which result in the electrolyte pro-
duct hardly being removed (see Table 7).
5. Conclusions
(1) The frequency of the pulsed power supply and the temper-
ature of the electrolyte are the most important factors
influencing surface roughness during ECM of Ti60 tita-
nium alloy. The advantages of pulsed ECM can be most
effectively realized at a relatively high frequency, with a
better surface finish being achieved at frequencies above
400 Hz. The roughness becomes worse with increasing
temperature. In addition, when the electrolyte tempera-
ture is higher than 50 C, there is a deterioration in the sur-
face quality of the titanium alloy surface.
(2) The optimized parameters for ECM of Ti60 titanium
alloy are NaCl concentration 13wt%, voltage 20 V,
frequency 0.4 kHz, duty cycle 0.3, temperature 23 C,and feed rate 0.5 mm/min, and the best surface rough-
ness obtained is 0.912 lm.
(3) Blades of a Ti60 alloy blisk have been successfully man-
ufactured with the optimized parameters, with a surface
roughness of approximately 1.019 lm.Acknowledgements
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